Introduction
The fleet of around 300 military tanks makes The Tank Museum Bovington, United Kingdom, one of the largest tank museums in the world. This large collection of military tanks includes one of the last remaining and running Tiger 131 (Panzerkampfwagen Tiger Ausf. E), also known as other tanks of the collection, it is necessary to protect the Tiger 1 against different tribological malfunctions that could risk its structural integrity and its ability to be demonstrated.
Aging through wear of the military tanks in The Tank Museum is a major issue and therefore reduction in wear can strongly influence material wastage and costs associated with the replacement of components (Scott (4) ).Though component replacement is not favoured as it compromises the cultural biography and heritage value of the tanks, many tanks in the collection are demonstrated, and accordingly develop tribological related failures from time to time. This leads to higher maintenance costs, risks to the structural integrity, parts replacement and most importantly a tank loses its originality when a part is replaced.
In automotive engines wear plays a vital role in the degradation of the components such as piston-liner assembly (Kori (5) , Taylor (6) ). Pistons and liners are one of the most important assemblies for engine and the engine performance is attributed to them. Tribological behaviour of pistons and cylinder-liners is hugely affected by internal thermo-mechanical loses, wear and consumption of the lubricating oil (Michalski (7), Tung and Huang (8) ).
Wear evaluation of the piston and cylinder-liner assembly is crucial in the Tiger 1 engine because it operates occasionally after being kept stationary in The Tank Museum. Extended pauses followed by start-stops are adversely affecting the durability of the engine. When engine is stationary corrosion accumulates, after some time when engine starts to function higher rate of wear occurs. Besides when engine operate either cold or extremely hot combined damage through corrosion and wear will be significant (Tung and Huang (8) This research presents material characterisation and real time wear evaluation for both original and replacement pistons and cylinder-liners. Comparative study reflects actual tribological wear which had taken place in the Tiger 1 engine. This is a novel approach and is the first of its kind in terms of the fundamental study to investigate the critical effects of wear mechanisms on the Tiger 1 engine during operation and the aftermath when the Tiger 1 is not running.
This paper is also part of the research conducted to analyse structural aging in historic military tanks in The Tank Museum Bovington (Saeed et al (9, 10) ).
Experimental Methodology

Sample Collection
Original piston and cylinder liner were collected from Maybach HL 210 P45 engine. This was the original engine which was operating in the Tiger 1 during the WW2. This engine was disassembled in The Tank Museum to analyse various types of tribological failures. Replacement pistons and cylinder-liners suffered significant failure just after two hours in operation.
The Tank Museum procured replacement pistons from external supplier who provided modified designs. It has been very difficult to obtain materials specifications. Therefore investigations were performed and materials discrepancy in terms of Si was identified.
It is also worth mentioning that sample collection from the tanks of historical importance was a huge challenge, especially for other than non-destructive experimental research. In this project every effort has been made to follow museum ethics and guidelines in handling these artefacts. World War and the material of the replacement components in Tiger 1 for a comparative study in terms of material analysis.
Sample Preparation and Material Characterisation
Materials' characterisations were obtained using PANalytical Axios wavelength dispersive x-ray fluorescence spectrometer (WDXRF). The measurements were processed using PANalytical's
Omnian standardless software. Figure 1 shows spectra results of Si detection in original piston, cylinder-liner and replacement piston.
Wavelength dispersive x-ray fluorescence spectrometry is an elemental analysis technique capable of determining the elemental content of various materials including metals, oils, plastics and a variety of powder materials.
Optical Microscopy and White Light Interferometry
Optical microscopy was conducted for surface analysis. Surface roughness profile and three dimensional defect measurements were conducted through white light interferometry. Results from these analyses are provided with the images and are also discussed in the discussion section.
3.
Results and Discussion
Pistons Design
The original piston (130P15) is shown in Figure 2 . The original design for the piston was completely circular with two compression rings and two secondary compression/oil scraper rings. There were also two additional scraper rings at the bottom of the piston. The design of the replacement piston has been modified as shown in Figure 3 . First the fourth compression/scraper ring was omitted. Secondly, an additional rectangular profile was included at both ends of the piston-pin, and lastly, the bottom oil scraper rings were excluded. The modifications in design and the material's chemical characteristics of the replacement piston resulted in catastrophic failures within the piston-liner interface after only two hours of operation.
Characterisation of pistons
Original piston characterisation results are shown in Table 1 and approximately match specifications of RSA-419 AE aluminium super alloy ( The exact duration of the operation of the Tiger 1 engine is unknown. However the signs of wear in both piston and liner are negligible compared to the aggressive environment in which they were operated. The performance of the original piston and cylinder-liner can be attributed to the better material compositions which resulted in better mechanical properties and therefore marginal wear was noticed.
Replacement piston shown in Figure 3 and liner which were installed in the engine and operated only for two hours suffered severe failures. Table 1 (Corniani (18) , Dienwiebel (19) ). The major cause of the failure of the replacement piston was thermal expansion causing less/no clearance. Figure 4 illustrates wear both at the replacement piston and cylinder-liner.
Characterisation of cylinder-liners
Material characterisation of both original and replacement cylinder liners were conducted and results are provided in Phosphorus (P) was detected in the original-liner but not in the replacement liner. P content generates better properties for wear and scuffing resistance. In addition alloying elements such as chromium (Cr), copper (Cu), molybdenum (Mo), nickel (Ni), titanium (Ti) and vanadium (V) enhances wear resistance when added (Taylor and Eyre (6)).
Wear Analysis
The replacement pistons' design was modified as shown in Figure 3 . The replacement pistons did not consist of lower oil scraper rings. In addition at the pin bore ends a rectangular profile was built into them as opposed to the original design illustrated in Figure 2 . The replacement piston has a very low Si (0.73 wt %) content. Si produces good thermal and wear characteristics.
One of the major reasons of the replacement piston failure was its susceptibility to thermal expansion under the influence of temperature which resulted small/no piston-to-wall clearance.
Piston expansion has lead to a direct contact between piston-skirt and cylinder-liner resulting in loss of surface integrity of the piston-skirt-thrust face. Material has been removed from both piston-skirt and cylinder-liner surfaces shown in Figures 3 and 4 respectively. Scuffing is a complex tribological failure mechanism which is the result of severe surface damage when surfaces are in sliding contact, extreme surface roughening with or without materials transfer, solid-phase welding damage occurrence in sliding surfaces, breakdown of the lubricant film, materials properties and operating conditions (Lee (21), Reddy (22) , Rohatgi (23) , Ye (24) , Menezes (25) ). Severe roughening of the piston-skirt is shown in Figure 4 (a) and (b).
Scuffing in this scenario is a result of thermo-elastic instability of the piston material, sudden rise in friction, contact temperature and vibration. This has lead to extreme roughening of pistonskirt-thrust-face and caused the entire piston-liner assembly to fail (Ajayi (26) , Zheng (27) ).
In Figure 4 (c) and (d) of the replacement cylinder-liner formation of ploughing is visible due to plastically displaced material. Repeated unidirectional sliding contact between surfaces and the hard asperities plastically displaces material sideways; material displacement in this way is known as ploughing. The displaced material in this case is subjected to strain during sliding contact and when the strain exceeds a critical value material ruptures and formation of the debris Kato (30) ). Debris build-up at the cylinder-liner surface can be observed in Figure 6 (a).The deposited wear particles between sliding contact of piston and cylinder-liner has lead to scuffing. Furthermore high tendency of adhesion was observed on the piston-skirt as illustrated in Figure 4 (a) (Wang (31) ). 
